Abstract
repetitively at much lower rates. Some cells acquire low frequency autonomous activity after dendrotoxin 112 treatment. Unlike cortical and hippocampal FS neurons, the firing patterns of striatal FS neurons are not greatly 113 influenced by Kv3 current, although blockade of these channels does increase action potential duration.
114
In a model of the cell based on these findings, we show that Kv1-dependent intrinsic resonance causes 115 preferential phase-locking of striatal FS cells to the gamma component of a broadband input signal. When the 116 average level of depolarization is insufficient to trigger repetitive firing, this phase-locking continues to be seen 117 despite irregular firing and an average firing rate much lower than 40 Hz. This phase-locked irregular activity is 118 similar to that seen in vivo (Sharott et least 20 min after the establishment of the whole-cell configuration using a two-photon excitation at 820 nm 149 with 90 MHz pulse repetition frequency and 200 fs pulse duration at the sample plane. The two-photon 150 excitation source was a Chameleon-XR tunable Ti, sapphire laser system (720-950 nm) (Coherent, Glasgow, UK).
151
Laser average power attenuation was achieved with an electro-optic modulator (model 350-50-02, Con Optics,
152
Danbury, CT). Images were acquired with a Prairie Technologies (Middleton, WI) Ultima 2P system and edited off-
153
line with Image-J software.
154
Data analysis and statistics: Electrical traces were digitized using a custom program written using Igor Pro and 155 analyzed off-line using custom-written software (http://marlin.life.utsa.edu/software.html), and routines written interval before burst termination. The rate defined by the delay interval (when present) was much slower, and 201 was sensitive to current level, increasing several-fold over the typical range of current steps used. 
204
likewise observed a significant correlation (r=0.52, df= 35, p<0.01) between rheobase and age at which slices 205 were prepared. There was no significant trend in membrane potential over the age range used here (r=0.004).
206
There was also no significant age trend for action potential threshold, either for the first action potential (r=0.18, 207 df=35, p>0.05), or the threshold for the second action potential (r=-0.014, df=35, p>0.05). Thus the 208 developmental change in rheobase was not due to the voltage change required to evoke firing, but to the 209 current required to achieve that level of depolarization. Input resistance as measured by the response to near-210 threshold depolarizing current pulses was negatively correlated with age (r=-0.41, df=35, p<0.05), averaging 75
211
MΩ at age 16 days, and 20 MΩ at age 22 days.
212
Not all FS neurons fired in self-limiting bursts in response to 1 s current pulses. In 7 of 37 cells, firing in 213 response to suprathreshold current pulses continued throughout the 1 s current pulse. Over the age range used 214 here, burst termination in the first second of current pulses was highly correlated with age, with all 7 of the cells p 8 than 1 second at all current levels, one showed no apparent adaptation, and the remaining 6 had a median time 240 constant of adaptation of 0.53 ± 0.18 s, significantly slower than that of the rest of the sample (Mann Whitney 241 test, p<0.05).
243

Repeated Bursts in Response to Long Current Pulses
244
We studied the responses of 8 striatal FS cells to longer (5-30 s) current pulses, which evoked sequences of 
252
at the beginning of these later bursts was less than that of the first burst, but they showed similar spike 253 frequency adaptation. The instantaneous firing frequency at the end of bursts was nearly constant across bursts.
254
In the period between the bursts, the membrane potential slowly depolarized, and showed subthreshold 255 oscillations in the gamma frequency range (Fig.2E ). For the entire set of 468 bursts collected from 8 neurons,
256
there was a weak but significant correlation between initial firing rate and burst duration (r=0.18, df=467, 257 p<0.01). As in the case of single bursts generated by shorter current pulses, the firing rate at which the bursts 258 were terminated remained close to the minimum firing rate for repetitive firing, and to the frequency of lower one and a subsequent moderate increases (the same sequence except without the early pre-delay action potential). To confirm this quantitatively, we tested the significance of threshold changes during the second cell, threshold changes were averaged across all traces whose second burst contained at least 10 action 283 potentials. We compared the thresholds of first and third spike in the burst, and between the third and last 284 spike, normalized by the threshold of the first spike in each trace. Both the initial decrease in threshold at the 285 beginning of the burst, and the smaller increase in threshold during the burst were statistically significant
286
(signed rank test, p<0.05). These changes in threshold are not consistent with threshold changes as a cause of 287 spike frequency adaptation. In fact, the first action potential in all bursts (except the first burst) has the highest 288 threshold, but is associated with the highest firing rate. They also argue against an increase in spike threshold as 289 a reason for the termination of bursts, as the cell can be seen to fire action potentials at much more elevated 290 thresholds at the beginning of the burst.
291
Variations in threshold are sometimes attributed to changes in sodium channel availability. We estimated 292 sodium channel availability using the maximum rate of rise of action potentials. Changes in the maximal dV/dt 293 during the action potential paralleled the changes in threshold throughout (e.g. Fig 2D) . Like the changes in 294 threshold, the statistical significance of these changes was confirmed using the second burst in each cell. As 295 expected from the threshold changes, the lowest sodium availability occurred at the end of the pause between 296 bursts, and there was a moderate change over the course of the burst.
297
All cells in our sample tested with long pulses showed the pattern in Figure 2 . These results indicate that the 298 sporadic stuttering firing pattern of striatal FS cells may be accounted for by two dynamic features, the inability 299 to fire repetitively at low rates, and spike frequency adaptation. Because repetitive firing fails if the firing rate 300 goes below a minimum rate between 20 and 50 spikes/s, and because firing at that rate triggers spike frequency 301 adaptation, bursts are terminated when adaptation accumulates sufficiently. During the pauses between bursts, 302 the cell recovers sufficiently from spike frequency adaptation to allow repetitive firing to resume. Furthermore,
303
these results argue against threshold elevation (or sodium inactivation in general) as a mechanism of spike 304 frequency adaptation. Sodium inactivation apparently increases during the pauses, rather than being removed.
305
We wished to determine whether either the spike frequency adaptation or the minimum firing frequency 306 responsible for the stuttering firing pattern might depend on potassium channels known to be present in FS 
313
Effects of Kv3 Channel Blockade with TEA
314
We studied the effects of 0.1-1.0 mM TEA, which is a potent blocker of Kv3 channels, in 11 cells from 11 p 10 duration of striatal FS cell action potentials in a dose dependent and reversible manner. The effects of TEA on 318 action potential duration are shown in Figure 3 A & B. The average action potential half-width increased from 319 0.77 ± 0.12 ms in controls to 1.26 ± 0.28 after 1mM TEA (one-way ANOVA, F=10.3, df=3,22, p<0.01). This change 320 in duration was not reproduced by blockade of BK channels using 50nM iberiotoxin (n=3, Fig. 3B ), indicating that 321 TEA's effects were primarily mediated by blockade of Kv3, rather than BK channels. Also as expected, TEA 322 reduced the amplitude of the single-spike afterhyperpolarization, and especially its fastest components (Fig. 3A) .
323
The increase in action potential duration and decrease in afterhyperpolarization in striatal FS cells did not 324 translate into a change in firing pattern or shift in action potential threshold. TEA treatment had no significant 325 effect on the median peak firing rate calculated over all current levels (80.9 ± 24.1 spikes/s in controls, 73.3 ± 37.0 326 spikes/s after 1 mM TEA, Mann Whitney test, p>0.05), the median firing rate at the end of the first burst (44.5 ± 327 14.1 spikes/s in controls, 37.1 ± 12.1 spikes/s after TEA, p>0.05), or the median burst duration (320.6 ± 164.1 ms 328 in controls, 344.7 ± 408.3 ms after 1 mM TEA, P>0.05). In 3 cells tested with long duration current pulses, 329 resonance and stuttering continued after TEA and was indistinguishable from that seen prior to the treatment 330 (Fig 4 A & B) . The sequence of changes in action potential threshold and maximal dV/dt seen in control animals 331 was reproduced after TEA treatment as well (Fig 4 C & D) .
333
Effect of Kv1 Channel Blockade with Dendrotoxin p 11
DTX application. Two of the 8 neurons tested exhibited low frequency tonic firing after DTX even in the absence 356 of applied current (not shown).
occurred during the first burst of firing in response to a current pulse were not changed, but were only shifted in 361 the hyperpolarized direction (Fig 6B) . The median shift in threshold for second action potentials in a burst was 362 14 mV (Fig 6D) . Unlike changes in action potential threshold that occurred over the course of bursting in control 363 cells, this decrease in threshold was not accompanied by an increase in the rate of rise of the action potential.
364
For the first action potential, there was a small but significant decrease in maximal dV/dt (Fig 6C, signed rank   365 test, p<0.05), and there was no significant difference for subsequent action potentials. Thus the shift in action 366 potential threshold produced by DTX was probably not accompanied by a corresponding change in sodium 367 current availability. There was no effect of DTX on the sequence of changes in dV/dt over the course of firing in 368 response to long current pulses, aside from those caused by the change in firing pattern. The rapid decrease in 369 dV/dt over the course of the first burst occurred at the same rate after DTX (e.g. Figure 6B ), and paralleled the 370 change in threshold, but not spike frequency adaptation, which was much slower. The large changes in 371 threshold and maximum dV/dt at the start of bursts were absent after DTX. 
373
The Ionic Origin of the Minimum Firing Rate
p 12 model cell had a minimum firing frequency of 35 spikes/s. With this model, blockade of Kv1 channels 395 reproduced the loss of the minimum repetitive firing rate as seen in our DTX experiments. This result is shown in 396zeroing the Kv1 current and repeating the simulation. This produced an increase in the excitability of our model 473 cell. We wished to keep the firing rate and pattern similar to that in the presence of Kv1 current. To keep firing
480
showed a preferred phase locking at about 15 Hz, and phase-locking dropped off rapidly at higher frequencies.
481
The resonance of the model FS cell was also evident in the spike triggered average of the stimulus current, 
563
Location of Kv1 Currents and Effect on Apparent Threshold
564
In cortical FS interneurons, Kv1 channels are specifically located on the axon initial segment (Goldberg et al.
p 17
was maintained , there was large voltage attenuation in the initial segment of the axon, and the cells were highly 589 resonant.
591
Resonance implies phase-locking in vivo (
in which iapp could be a constant applied current or a random barrage of synaptic currents.
832
For the cable model of the FS cell axon, the axon was represented by 9 compartments, and the soma by one 833 compartment. The trigger zone was the most distal compartment. The axonal compartments were identical,
834
except that the sodium current activation and inactivation voltage sensitivities were shifted 6 mV in the negative 835 direction on the trigger zone. The somatic compartment was the same as the rest of the axonal compartments, 836 except that it did not have any Kv1 current. The difference in surface area between the soma and axon was 837 represented by a 100 times larger value for leak conductance and capacitance. This gave the soma a surface 838 area 11 times larger than the combined surface area of the axonal compartments. This approach obviated the 839 need for specifying diameters, and the coupling conductances between compartments were given as densities,
840
normalized by surface area the same as the membrane conductance. The differential equation for voltage for p 25 Tables 1-6 , but C S =100*C and g LS =100*g L .
